Background Surgical simulation is increasingly used to facilitate the adoption of technical skills during surgical training. This study sought to determine if gaze control parameters could differentiate between the visual control of experienced and novice operators performing an eye-hand coordination task on a virtual reality laparoscopic surgical simulator (LAP Mentor TM ). Typically adopted hand movement metrics reflect only one half of the eye-hand coordination relationship; therefore, little is known about how hand movements are guided and controlled by vision. Methods A total of 14 right-handed surgeons were categorised as being either experienced (having led more than 70 laparoscopic procedures) or novice (having performed fewer than 10 procedures) operators. The eight experienced and six novice surgeons completed the eye-hand coordination task from the LAP Mentor basic skills package while wearing a gaze registration system. A variety of performance, movement, and gaze parameters were recorded and compared between groups.
Results
The experienced surgeons completed the task significantly more quickly than the novices, but only the economy of movement of the left tool differentiated skill level from the LAP Mentor parameters. Gaze analyses revealed that experienced surgeons spent significantly more time fixating the target locations than novices, who split their time between focusing on the targets and tracking the tools. Conclusion The findings of the study provide support for the utility of assessing strategic gaze behaviour to better understand the way in which surgeons utilise visual information to plan and control tool movements in a virtual reality laparoscopic environment. It is hoped that by better understanding the limitations of the psychomotor system, effective gaze training programs may be developed.
Keywords Eye-hand coordination Á Virtual reality Á Gaze strategy Á Psychomotor control Á Laparoscopy training Due to benefits in patient recovery, an increasing number of surgical procedures are being performed using laparoscopic techniques. Despite the advantages, laparoscopic surgery is technically demanding and requires new psychomotor skills that differ from those needed in conventional open surgery [1] . The difficulty in learning effective laparoscopic skills is compounded by other forces acting upon the surgical training environment. These issues include the requirement for greater efficiency in surgical training due to duty hour restrictions; the stringent financial reality of surgical training budgets; and the increasing public demand to demonstrate some level of competence prior to performing procedures in the operating room [2] . In this complex socioeconomic environment, virtual reality (VR) training simulators have been proposed to offer an effective way to train technical skills through repetitive practice in a safe, nonthreatening environment. Indeed, recent systematic reviews have demonstrated that such training can translate into improved outcomes in the operating room [3, 4] .
An advantage of VR training over inanimate bench training methods is that objective performance assessment is provided immediately and without the need for monitored supervision [5] . However, although recent studies have started to support the discriminatory validity of these measures [1, 2, [6] [7] [8] , it is still not entirely obvious as to how a trainee surgeon would use this feedback to guide subsequent learning: How does one train to improve ''economy of movement'' based on a percentage score? Performance will (likely) improve over time with continued experience with the training tasks, and the learner will be able to chart his/her improvement with this feedback. However, given the training pressures highlighted earlier, more attention needs to be applied to understanding how technical laparoscopy skills should optimally be learned through effective training curricula [6, [9] [10] [11] .
Given this shortcoming, there is a need for a solid theoretical base for the effective teaching of technical (psychomotor) skills in surgery [12, 13] . Recent research examining the skilful performance of visually guided movements from other motor domains (e.g. driving and sport) has implicated the importance of gaze control in optimising subsequent motor control [14, 15] . In contrast, there has been little research focused on the strategic gaze behaviours of surgeons performing psychomotor, laparoscopic tasks. Indeed, the process measures that are examined are those from the ''surgeon-tool'' (S-T) interface (tool movement metrics) as opposed to the ''surgeonmonitor'' (S-M) interface (gaze metrics) [16] .
The purpose of the current study is therefore to further our understanding of the process measures underlying expert performance in a VR laparoscopic eye-hand coordination task. In addition to comparing expert-novice differences in performance and process measures relating to the S-T interface (e.g. economy of movement), process measures relating to the S-M interface are considered. The over-riding intention is to understand more about the eyehand coordination constraints in laparoscopic surgery so that the development of effective gaze training programmes for novice surgeons can be initiated.
Methods

Participants
A total of 14 surgeons volunteered to take part in the study (10 males, 4 females; mean age = 32.9 years, range = 23-49 years). All participants were right-handdominant and were classified as novice or experienced laparoscopic surgeons according to the number of laparoscopic procedures they had led. Six novices (3 males, 3 females) had performed fewer than 10 procedures and eight experts (7 males, 1 female) had led more than 70 procedures (range = 70-700). While this is acknowledged to be a relatively low sample size, power calculations using mean and standard deviations from previous studies using the same task and similar groupings [1, 7] suggested that these were appropriate group numbers for a one-tailed test with a = 0.05 and power (1 -b) = 0.8.
Apparatus and task
Testing took place on a LAP Mentor TM (Simbionix USA Corp., Cleveland, OH, USA) VR laparoscopic surgical simulator, based at the Centre for Innovation and Training in Elective Care, Torbay Hospital. The ''eye-hand coordination'' task from the basic skills training module was used for this study because previous research demonstrated that this task validly differentiates expert and novice surgeons [1, 7, 17] . To complete the task 10 flashing balls set at different heights and depths must be touched using one of two instruments, one held in each hand. One of the instruments is blue and the other is red and they become visible on the screen as soon as they are inserted. During the task flashing balls of each colour must be touched using the tip of the same colour instrument within a set time period. After one ball is touched (or time has run out), the next ball starts flashing and must be touched. Although the presentation of red and blue balls is pseudorandomised (e.g. there may be two blue balls in a row), each trial consists of five red and five blue balls.
Participants were fitted with an Applied Science Laboratories Mobile Eye gaze registration system (ASL, Bedford, MA; see Fig. 1 ), which measures eye-line of gaze using dark pupil tracking. The system incorporates a pair of lightweight glasses fitted with eye and scene cameras and a set of three LEDs which project harmless near-infrared (IR) light onto the eye. The near-IR light is not visible to the user so it does not cause a distraction; however, it is visible to the eye camera. Some of this light is reflected by the cornea (corneal reflection) and appears to the eye camera as a triangle of three dots at a fixed distance from each other (Fig. 2) . The pupil appears black as light does not exit the inside of the eye, enabling the system to register its position and determine its center (the magenta circle in Fig. 2 ). When the eye turns, the center of the pupil moves relative to the head; however, the corneal reflection remains in the same position. Therefore, by comparing the vector (angle and distance) between the pupil and the cornea, the eye-tracking system can compute the angle that the eye is pointed (Fig. 2) .
The system also incorporates a recording device (a modified digital video cassette recorder) that combines the two video streams from the eye and scene cameras at 25 Hz. The recorder is attached to a laptop installed with Eyevision (ASL) software; both were placed on a table to the side of the participant (Fig. 1) . By teaching the system how the angles calculated by the eye camera relate to the image from the second camera that is viewing the environment (the scene camera), the eye tracker can compute what the eye is pointed at. A circular cursor, representing 1°of visual angle with a 4.5-mm lens, indicating the location of gaze in a video image of the scene (spatial accuracy of ± 0.5°visual angle; 0.1°precision), is viewed in real time and recorded for subsequent offline analyses. 
Procedure
Participants arrived at the Training Centre individually at prearranged times. They first read an information sheet describing the aims of the study, before completing a demographic questionnaire and providing written informed consent to participation. Participants were fitted with the eye tracker which was then calibrated using six visual landmarks on the LAP Mentor display screen. They then performed three consecutive attempts at the eye-hand coordination task, as part of a series of activities, before being debriefed and thanked for their participation in the study.
Measures
Performance
Performance was assessed in terms of accuracy (number of balls hit) and speed (task completion time).
Tool movement process measures
The number of movements (NOM) and economy of movement (EOM) parameters for each tool were selected Fig. 1 The testing environment demonstrating the LAP Mentor virtual reality simulator (A), the lightweight optics unit (B), and the supporting software running on the laptop (C) Fig. 2 An image from the eye camera in the Eyevision software environment showing the corneal reflection from the LEDs (three white dots); the pupil center (midpoint of the magenta circle) and the vector line between the pupil centre and the corneal reflection Fig. 3 The eye-hand coordination task showing the target balls, the ''virtual'' instruments, the gaze cursor (on the central flashing ball), and the vector angle calculation (bottom left of screen) from the LAP Mentor parameter options to reflect effective and efficient tool control. A new movement is defined as either continuous movement of the tool for more than 3 mm or a change in direction of 90°. EOM is defined as the ratio of the shortest path length after the ball starts flashing to the actual path length after the ball starts flashing (presented as a percentage).
Gaze process measures
Two categories of gaze measures were determined to reflect the efficiency of psychomotor control. First, fixation rate was calculated for each trial as a general measure of gaze strategy, with more efficient gaze behaviour indexed by lower fixation rates (i.e. fewer and longer fixations). Fixation rate was operationally defined as the number of fixations made per second per trial. Second, the percentage of time spent fixating on one of the two critical locations throughout the trial was calculated to provide more information regarding what the participants attended to. Previous research has demonstrated that experts are more likely to fixate on the target (i.e. the flashing ball in this study) while novices are more likely to track the tool as it moves toward the target [18] . A fixation was defined as a gaze of long enough duration to allow information processing (C120 ms) to a single location (within 1°visual angle).
Analysis
The first trial was considered a familiarization attempt for all participants, providing insight into the testing protocol while limiting additional learning opportunities prior to testing. Data from the two subsequent trials were averaged to provide a mean value for each variable for each participant to be used for subsequent analyses. Performance and tool process measures were downloaded directly from the LAP Mentor software environment after each trial. The gaze data were analysed in a frame-by-frame manner (40 frames for 1 s of video) using GazeTracker (Eye Response Technologies, Charlottesville, VA, USA) video analysis software. For each individual ball-touch attempt, areas of interest (''Lookzones'') were created and maintained around the target ball and the relevant instrument as the video progressed. The software then automatically provided summary gaze data and gaze data relevant to each area of interest for the trial as a whole. The researcher analysing the gaze data was experienced in performing such analyses and blind to the skill levels of the participants to protect against analysis bias.
Shapiro-Wilk tests revealed that all data were normally distributed, apart from performance accuracy data. Group differences in performance accuracy were therefore analysed using the nonparametric Mann-Whitney U test.
Differences between task completion time, EOM, NOM and fixation rate for each group were analysed using a series of independent group t tests. Differences in the locations (tools or ball) fixated upon were subjected to a mixed-design 2 9 2 ANOVA (group 9 location), with post-hoc t tests used to follow up significant interaction effects. All analyses were performed using SPSS 15.0 for Windows (SPSS Inc., Chicago, IL, USA).
Results
Performance measures
There was no significant difference in accuracy between the experienced and novice surgeons (Z = 0.53, P = 0.58); however, experienced surgeons completed the task significantly faster than their novice counterparts (t 12 = 2.64, P \ 0.05). Performance measures are presented in Table 1 .
S-T process measures
There were no significant differences in the number of movements (NOM) made by either group of surgeon for the left (t 12 = 1.18, P = 0.26) or right (t 12 = 1.76, P = 0.10) tool. There was also no significant difference in the economy of movement (EOM) of the right tool (t 12 = 1.06, P = 0.31) between the surgeons. However, experienced surgeons had significantly higher economy of movement scores for the left-hand tool than their novice counterparts (t 12 = 2.38, P \ 0.05). S-T process measures are presented in Table 1 .
S-M process measures
There were no significant differences in the fixation rates between experienced and novice surgeons (t 12 = 0.69, P = 0.50). The ANOVA of the percentage time spent fixating on each gaze location revealed a significant main effect for location (F 1,12 = 34.43, P \ 0.001) and no significant main effect for ability level (F 1,12 = 3.53, P = 0.09). These results were qualified by a significant interaction effect (F 1,12 = 32.21, P \ 0.001). As Fig. 4 demonstrates, experts spent significantly more time fixating on the target ball than their novice counterparts (P \ 0.001), while novices spent significantly more time tracking the tools than their expert counterparts (P \ 0.001). Novices spent similar amounts of time fixating on the target ball and tracking the tools, while experts spent significantly more time fixating on the target balls compared to tool tracking (P \ 0.001).
Discussion
The aim of this research was to adopt a motor control perspective to the understanding of the eye-hand coordination advantage of experienced laparoscopic operators. While recent studies have supported the construct validity of the eye-hand coordination task from the LAP Mentor training package [1, 7, 17] , there has yet to be an analysis of the gaze strategy used by operators on this task. Current research has focused exclusively on tool measures and on how the hand moves to complete the task. Accordingly, researchers are considering only part of the eye-hand coordination relationship and are potentially ignoring important information related to the sources of information used to guide subsequent tool movements. We demonstrate that gaze data can discriminate between levels of experience and suggest that this may provide useful information by which to guide basic laparoscopic skill development.
The performance results demonstrated that experienced laparoscopic surgeons were significantly faster in completing the task than their novice counterparts, although there were no differences in their level of accuracy. An accuracy measure assessing only the number of target balls touched is rather insensitive and it is perhaps not surprising that a ceiling effect was found for this relatively straightforward task. Indeed, previous researchers have argued that completion time is a better measure of the construct validity of the task [1, 7] . Completion times in the current study were of similar magnitude to those of Yamaguchi et al. [1] (novices, 73.4 s; experts, 52.6 s) and Andreatta et al. [7] (novices, 72.3 s; experts, 51.0 s), providing further support for the discriminatory power of the completion time measure.
To better understand the mechanisms underlying this performance advantage, it is necessary to examine the process measures that also discriminate between experience levels. These measures are important, because by training novices to improve these critical components of their laparoscopic technique, performance should also be improved. Our results demonstrated that the economy of movement (EOM) of the left (nondominant) hand was able to significantly differentiate between experienced and novice operators. Yamaguchi et al. [1] also found that nondominant-hand performance was more sensitive than dominant-hand performance for this relatively simple task, suggesting that novices should concentrate on the nondominant hand to expedite skill learning. However, while such nondominant-hand EOM data may be useful in setting criteria-based training targets [6, 7] , it is not so useful in guiding learners how to improve. This appears to be a common weakness in many criteria-based training protocols.
The current research extended previous tests of construct validity by considering process measures beyond those provided by the VR simulator itself to include eye movement and gaze parameters. While the importance of strategic gaze behaviour in optimising accurate motor control has been demonstrated reliably in tasks as varied as pointing [19] , reaching and grasping [20] , driving [14, 21] , sport skills [22] and even sandwich-making [23] , there has been little research focused on the strategic gaze behaviours of surgeons performing laparoscopic tasks. The current findings suggest that it is not the efficiency of the eye movements in general that is important, but the relevance of the target in optimally controlling the ensuing motor action.
There were no significant differences in the fixation rate (the number of fixations made in a given time period) between experienced and less experienced participants in this study (Table 1) . This result differs from that of Kocak et al. [16] , who found that surgeons with greater experience tended to move their eyes less and spend more time fixed on a given point. This difference in results may be due to differences in the eye-tracking equipment used, as Kocak et al. used a device that measured only eye movements as opposed to the more detailed gaze analyses carried out in the current study. Indeed, while we found that the general Fig. 4 The percentage of total fixation duration to each of the two relevant locations for novice and experienced surgeons (±SEM) eye movement rates of experts were similar to those of novices, the locations (targets) of the interceding fixations were significantly different. Experts spent more time using a ''target-focused'' gaze strategy as opposed to a ''toolfollowing'' strategy. Novices focused equally on both locations, in what Law et al. [18] termed a ''switching strategy'' (Fig. 4) .
So why might a target-focused strategy underpin more effective tool movement control and outcome performance in laparoscopic skill training? Research from the neuroscience and motor control literature suggests that eye movements and the gaze system that controls their location play a key role in coordinating precision motor actions. Indeed, the neural mechanisms regulating goal-directed movements actually profit from the accurate and timely spatial information of the foveated target [20, 24] . While experts are able to maintain focus on the target and locate the position of their tools with peripheral vision, novices appear to switch between tool and target position in order to determine the relative position of both. This strategy not only disrupts effective psychomotor coordination, but will likely impair the processing of important visual information required for decision-making in more complex laparoscopic tasks.
The implications of the current research go beyond providing further objective criteria by which to differentiate expert and novice performance. Instead, the research may help to initiate interest in examining how surgical trainers may optimise the laparoscopic training environment [25] . There has been recent interest in promoting partnerships with experts in motor learning, sport psychology and kinesiology in order to apply theoretically rigorous motor learning frameworks to surgical training [26, 27] . For example, Masters et al. [28] have recently applied an observational learning protocol to teaching surgical skills, with positive results. Recent findings from the sport literature might also suggest that gaze-training protocols could be successfully applied to laparoscopic surgery. For example, not only did novice golfers who followed a gaze-focused training protocol learn more quickly than those following a movement-focused training protocol, but they were more resistant to stress effects in a subsequent transfer test [29] .
To conclude, the current study provided additional support for the construct validity of the LAP Mentor eyehand coordination task and for the use of strategic gaze measures to differentiate between levels of experience in laparoscopic procedures. The results have also started to illuminate how surgeons utilise visual information to plan and control tool movements in a virtual reality laparoscopic environment. Importantly, evidence from sport tasks would suggest that feedback about gaze behaviour may be effective for training purposes and might help the expedient development of robust technical skills.
